Improved hole mobility and suppressed trap density in polymer-polymer dual donor based highly efficient organic solar cells Here we report, the charge transport properties of polymer-polymer dual donor blended film, viz., polythieno [3,4-b] -thiophene-co-benzodithiophene (PTB7) and poly [N-9 00 -hepta-decanyl-2,7-carbazole-alt-5,5-(4 0 ,7 0 -di-2-thienyl-2 0 ,1 0 ,3 0 benzothiadiazole) (PCDTBT) in the optimized concentration. Trap density and hole mobility in polymer-polymer (PTB7-PCDTBT) dual donor system have been studied by means of current density-voltage (J-V) characteristics at various temperatures, i.e., 280 K-120 K in hole only device configuration, i.e., indium tin oxide/poly(3,4-ethylenedioxythiophene):poly(styrenesulphonate) (PEDOT:PSS)/Polymer film/gold (Au). The J-V curves exhibit the space charge limited conduction behavior. The corresponding hole mobility for PTB7 and PCDTBT are 3.9 Â 10 À4 cm 2 V À1 s À1 and 2.1 Â 10 À4 cm 2 V À1 s
À1
, respectively, whereas it is 9.1 Â 10 À4 cm 2 V À1 s À1 in the polymer-polymer blend of PTB7:PCDTBT (0.7:0.3). This enhancement in mobility can be attributed to the suppressed trap density in PTB7:PCDTBT (0.7:0.3) of 7.4 Â 10 16 cm
À3
, as compared to the trap density of 1.1 Â 10 17 cm À3 for PTB7 and 1.6 Â 10 17 cm
for PCDTBT. Atomic force microscopy shows an improvement in the morphology of the blend. The J-V characteristic at various light intensities in the bulk heterojunction (BHJ) solar cell reveals that the blending of PCDTBT in PTB7 suppressed the trap-assisted recombination. 1,2 However, PCE is still limited by narrow light absorption range and low charge carrier mobilities of the polymers, which limits the short circuit current (J sc ) in the BHJ solar cells. To overcome this problem, ternary PSCs 3, 4 have been developed to enhance the absorption range, increase the short circuit current (J sc ) and modulate the open circuit voltage (V oc ). Ternary PSCs consist of either two donor materials with one fullerene acceptor (D1:D2:A) [5] [6] [7] or one donor material with two fullerene acceptors (D:A1:A2). 8, 9 These ternary blends exhibit charge transfer 5 or energy transfer. 6, 10, 11 It has been shown that the F€ orster Resonance Energy Transfer (FRET) effect on polymer-polymer poly [4,8- [3,4-b] thiophenediyl] (PTB7); poly [9- (1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT) and [6, 6] -phenyl C 71 butyric acid methyl ester (PC 71 BM) ternary blend system boosts the efficiency of conventional BHJ-PSCs. 6 Further, dual donor and multidonor systems show improved PCE in excess of 9% due to energy transfer and efficient charge transport. 7, 12 However, the role of mobility and trap density in the improvement of charge transport has not been explored yet. Therefore, the aim of this work is to understand the role of charge transport, i.e., hole mobility (l), trap density (N t ) and critical voltage (V c ) for improvement in the PCE of dual donor (PTB7-PCDTBT) based ternary solar cells.
The PTB7, PCDTBT and PC 71 BM were procured from 1-materials, Canada. For device fabrication, the indium tin oxide (ITO) glass substrates (sheet resistance ¼ 15 X/() were sonicated in soap solution, acetone and isopropanol. Cleaned ITO glasses were then exposed to ultraviolet-ozone irradiation for 15 min. A thin layer of PEDOT:PSS (Clevios PH) was spincoated at 4000 rpm for 40 s over ITO glass and dried at 150 C in air for 30 min. Active layers were spin-coated using the solutions (chlorobenzene solvent with 25 mg/ml) at 1000-1500 rpm in a glove box. Finally, either aluminium (Al) electrode ($100 nm) for BHJ devices or gold (Au) electrode ($200 nm) for hole only devices was thermally deposited in high vacuum ($8 Â 10 À7 mbar), over the active layer through shadow mask. The active area of the devices was $8 mm 2 in all the cases. The current density-voltage (J-V) characteristics of these devices were measured at different temperature with a Keithley 2420 Source Meter unit interfaced with a computer and liquid nitrogen based cryostat system. To analyze the transport properties, i.e., l, N t , and V c , we have measured the J-V characteristics of PTB7, PCDTBT and PTB7:PCDTBT (0.7:0.3) thin films in dark at various temperature range (280 K-120 K) in hole only device configuration, i.e., ITO/PEDOT:PSS/Polymer film/Au. The HOMO and LUMO energy levels of PTB7 and PCDTBT are À5.15, À5.5 eV, and À3.31, À3.6 eV, respectively. The work functions of Au (u % À5.1 eV), ITO (u % À4.8 eV) and PEDOT:PSS (u % À5.2 eV) are closer to the HOMO and far below the LUMO energy level of PCDTBT and PTB7, thus the charge injection barrier is quite high towards LUMO, and the hole transport is dominated through the HOMO level only.
The J-V characteristics of the PTB7 and PCDTBT polymers and their blend were investigated using space charge limited conduction (SCLC) mechanism. It is well know that SCLC governs the charge transport in various ways, i.e., the trap model (drift of charge carriers under the influence of traps, exponential distribution of traps in energy space) [13] [14] [15] and the temperature/field dependent mobility models. 16, 17 For hole only devices, the J-V curves of PTB7, PCDTBT and PTB7:PCDTBT (0.7:0.3) blends (Figures 2(a) , 2(b), 2(c)) follow the trap model with exponential distribution of traps in energy space as discussed below.
At low applied bias, the J-V characteristics follow Ohm's law, because the injected hole density p is negligible compared to the density of thermally generated holes p 0 inside the specimen. This is exemplified by the following equation:
where q is the electronic charge, l is the carrier mobility, d is the thickness of the film and e ¼ e 0 e r is the permittivity of material. With the increase of applied voltage (field), the injected carrier density increases and at a point where it is equal to the thermally generated carrier density, the J-V characteristics follow the SCLC mechanism. The onset voltage (V X ) from ohm's law to SCLC is given by 15 V X ¼ 8 9
Pure SCLC with no traps is given by Mott's law
In case of exponential distribution of traps, it can be assumed that the trapped hole carrier density (p t ) ) free charge carrier density (p f ) and using continuity equation and boundary condition, the current density (J) and applied voltage (V) can be expressed as 15 J ¼ qlpðxÞEðxÞ;
where E(x) is the electric field inside the film. Further, the exponential distribution of traps in energy and space is given as
The expression for J is given by 15, [18] [19] [20] [21] [22] [23] 
where P(E) is the distribution function of hole trap density at an energy level E above the valence band (VB) edge, H t is the trap density per unit energy range at the valence VB edge, N t is the total trap density at the edge of VB and N v is the effective density of states in the VB. E t is the characteristic energy of the trap distribution, which determines the width of exponential trap state distribution that is often expressed in terms of the characteristic temperature T c as E t ¼ k B T c and l ¼ E t /k B T ¼ T c / T, where k B is the Boltzmann constant. 15, 18 At E ¼ E t , we get from Eq. (6), P(E t )/H t ¼ 1/e, which states that the trap energy level that characterizes the exponential distribution is defined as the energy at which the density of traps has been reduced by 1/e, as compared to the trap density at the VB edge. 18, 24 After performing some simple algebraic calculation, we rewrite Eq. (7) in its Arrhenius form to bring out the dependence of current density on temperature. Apply the exponential function to a natural logarithm without altering the results. Grouping together all the terms with l ¼ T c /T from Eq. (7), we obtain 18,25
For an exponential distribution of traps, the quasi-Fermi level, which depends on the magnitude of stored charge and hence on the applied voltage, is given by 18 ,25
where L is the thickness of the film, f(l) is the pre-factor with l in Eq. (10), and is constant for any given temperature, where the power law J $ V m , m > 2 is satisfied. In the SCLC regime, E F is thus linearly dependent on lnV. The quasi-Fermi level E F (V) will coincide with the VB edge (E F ¼ 0), only if the right-hand side of Eq. (9) is zero. 
At the applied bias voltage V ¼ V c , all the traps are filled and E F coincides with the VB edge energy E vb . In organic semiconductor (polymer system), the conduction band (CB) and VB are represented by the LUMO and HOMO levels, respectively. Temperature dependent steady state J-V characteristics for PTB7, PCDTBT and PTB7:PCDTBT blend in the configuration of ITO/PEDOT:PSS/polymer film/Au are shown in Figures 2(a), 2(b), and 2(c) . At low applied voltages, the J-V characteristics exhibit ohmic behavior given by Eq. (1) in all the cases, as the injected carrier density is negligible as compared to background thermally generated carriers. In intermediate and higher voltage range, it is observed that the J-V characteristics follow the trap free SCLC (TF-SCLC) mechanism given by Eq. (3) near room temperature (280 K) in all the cases. It is expected, because the E t (given in the Table I ) is nearly equal to thermal activation energy, and the free carrier density is greater than trapped carriers density. Thus, all the traps are practically detrapped and play no role in the conduction of charge carriers.
14 The calculated hole mobility of PTB7, PCDTBT and PTB7:PCDTBT blend is 3.
, respectively, for d ¼ 240 nm, e r ¼ 3 and e 0 ¼ 8.85 Â 10 À14 F/cm. In 240-160 K temperature range (Figure 2(a) ), the slope of the J-V curve is 2 in intermediate and higher voltage range. It shows the presence of shallow traps located at a discrete energy level above the VB edge. 24 In such a case, the free carrier concentration is sufficient to fill all the traps, and the curve follows the TF-SCLC mechanism (Eq. (3)). The calculated hole mobilities at 240 K, 200 K and 160 K temperatures are 2.0 Â 10 À4 , 1.5Â 10 À4 and 1.1 Â 10 À4 cm 2 V À1 s À1 , respectively. At 140 K and 120 K, the J-V characteristic (inset Figure 2(a) ) slope is greater than 2, and it follows the trap limited SCLC (TL-SCLC) and fits quite well with Eq. (7). Solid curves in the inset of Figure 2 (a) represent the plot of Eq. (7) at their respective temperatures with l ¼ 9.0 Â 10 À5 and 8.1 Â 10 À5 cm 2 V À1 s
À1
, respectively. In 240-120 K temperature range (Figure 2(b) ), the slope of J-V curve is >2, indicating the presence of deep traps, 24 and thermal energy is not sufficient to fill those traps. The J-V characteristics follow the TL-SCLC and are in good agreement with Eq. In 240-160 K temperature range (Figure 2(c) ), the slope of J-V curve is 2, and it shows the TF-SCLC behavior (Eq. (3)) at higher voltage. In this case, the concentration of free carrier becomes greater than trapped carriers. But, in the intermediate voltage range, the J-V curve (slope > 2) shows TL-SCLC (Eq. (7)). The characteristics measured at 240 K, 200 K, 160 K and 140 K were fitted with hole mobility l ¼ 8. , respectively. The other calculated parameters for PTB7, PCDTBT and PTB7:PCDTBT blend are shown in Table II . In the case of PTB7:PCDTBT (0.7:0.3) blend thin film, the mobility has been observed to be significantly higher than that of pristine PCDTBT and PTB7 at all measured temperatures (Figure  2(d) ). It is seen from Table II that the charge transport parameters get significantly modulated in PTB7:PCDTBT blended film. The increase in l can be attributed to the suppression in overall N t , which results in a reduction in the V c and strong modulation of the polymer-polymer energy levels (as seen by modulation of V oc ). 26 Morphology of the active layer plays a significant role in determining the transport properties of the polymers. In order to understand the role of morphology in decreasing the trap density of the polymer films, atomic force microscopy (AFM) is carried out. Figures 3(a) , 3(b) , and 3(c) show the morphology of the active layers of PTB7, PCDTBT and PTB7:PCDTBT (0.7:0.3) blend, respectively. From Figure  3 (a), it is clearly observed that the morphology of pristine PTB7 film is not uniform due to the aggregation, and the root mean square (rms) value is 1.1 nm. This aggregation acts as trap state and plays an important role in the transport of charge carriers. Similarly, the pure PCDTBT also shows aggregation with the rms of 0.9 nm (Figure 3(b) ). In the blend of PTB7:PCDTBT (Figure 3(c) ), there is a marked decrease in the roughness to 0.5 nm, and there is almost no aggregation. It implies that blending of PCDTBT in PTB7 reduces aggregation and roughness, which improves the morphology and reduces the trap states that can have significant influence on the mobility and charge recombination. Therefore, the dependence of V oc and J sc in PTB7:PC 71 BM (1:1.5), PCDTBT:PC 71 BM (1:4) and PTB7:PCDTBT: PC 71 BM (0.7:0.3:2) BHJ solar cells at various incident light (I light ) intensities were studied.
J sc can be correlated to I light as J sc / (I ligtht ) a (a 1), where a is the exponential factor. Linear dependence of J sc on light intensity with a value close to 1 shows the weak bimolecular recombination in the device. [27] [28] [29] At short circuit, the bimolecular recombination should be minimum (a % 1) for maximum carrier sweep out. Figure 4(a) shows the J sc vs. I light plot on log-log scale fitted using the power law described above. The fitting of the data yields a values of 0.964, 0.914 and 0.995 for PTB7:PC 71 BM (1:1.5), PCDTBT:PC 71 BM (1:4) and PTB7:PCDTBT:PC 71 BM (0.7:0.3:2), respectively. The slightly larger a value of PTB7:PCDTBT:PC 71 BM (0.7:0.3:2) devices indicates that the blending of PCDTBT with PTB7:PC 71 BM system leads to a decrease in bimolecular recombination. This is consistent with the increased shunt resistance in the PTB7:PCDTBT:PC 71 BM (0.7:0.3:2) solar cell (Table I ). Figure 4 (b) demonstrates the dependence of V oc on light intensity. The slope of V oc versus ln(I light ) defines the degree of trap-assisted or Shockley-Read-Hall (SRH) recombination in the polymer solar cell. A slope at k B T/q indicates the dominance of bimolecular recombination, where k B is Boltzmann's constant, T is the temperature and q is the elementary charge. In trap-assisted recombination, it is observed that V oc strongly depends upon light intensity with the slope 2kT/q. [27] [28] [29] In the present case, PTB7:PC 71 BM and PCDTBT:PC 71 BM devices showed a slope of 1.67kT/q and 1.95kT/q, respectively, while PTB7:PCDTBT:PC 71 BM device attained smaller slope 1.35kT/q as shown in Figure 4(b) . Therefore, the blending of the PCDTBT in PTB7 significantly reduces the trap assisted recombination with a reduced slope of 1.35kT/q. This is consistent with the decreased series resistance (Table I) , which is a direct evidence of the reduced recombination and improved device performance.
In conclusion, charge transport properties reveal that there is a significant increase in hole mobility in the PTB7:PCDTBT blend. The increase in mobility is due to the improvement in morphology and suppressed trap states, and therefore, the charge extraction is better and recombination is reduced. This results in an increased J sc and fill factor, whereas V oc in the blend of PTB7:PCDTBT:PC 71 BM device is modulated as compared to the V oc of the individual polymers, and therefore, the performance of ternary blend BHJ polymer solar cells is significantly improved.
